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Summary
Natural killer (NK) cells are widely distributed in lymphoid and non-lym-
phoid tissues, but little is known about the recirculation of NK cells
between blood and tissues. This is relevant to understanding recirculation
in the steady-state and also for determining the roles for NK cells in vac-
cine-induced immunity and responses to infection. Therefore, the percent-
age of NK cells and their phenotype across peripheral blood, afferent
lymph and lymph nodes in steady-state conditions was investigated in cat-
tle using the pseudo-afferent lymphatic cannulation model. CD2+ CD25lo
NK cells were the predominant subset of NK cells within the blood. In
contrast, CD2 CD25hi NK cells were the main subset present within the
skin-draining afferent lymphatic vessels and lymph nodes, indicating that
CD2 NK cells are the principal NK cell subset trafficking to lymph nodes
via the afferent lymphatic vessel. Furthermore, a low percentage of NK
cells were present in efferent lymph, which were predominantly of the
CD2 subset, indicating that NK cells can egress from lymph nodes and
return to circulation in steady-state conditions. These compartmentaliza-
tion data indicate that NK cells represent a population of recirculating
lymphocytes in steady-state conditions and therefore may be important
during immune responses to vaccination or infection.
Keywords: natural killer cells; recirculation.
Introduction
Natural killer (NK) cells are large granular lymphocytes
that were first identified in the 1970s from their ability to
lyse malignant or transformed cells without previous sen-
sitization.1 This heterogeneous cell population has diverse
roles in the immune system and is the first line of defence
in the control of viruses, bacteria and parasites.2–5
NK cells are widely distributed in lymphoid and non-
lymphoid compartments,6–10 allowing them to respond
quickly to infection or inflammation through cytotoxicity
and production of cytokines. Defining the precise
anatomical location and phenotypic characteristics of NK
cells in steady-state conditions serves as a benchmark for
studying their roles in inflammation and responses to
vaccines and pathogens. Furthermore, NK cells can
interact with innate accessory cell populations including
dendritic cells to drive adaptive immune responses. Iden-
tifying the location of these interactions in vivo would
provide opportunities for specific targeting to improve
vaccine delivery.
Lymphocytes continuously circulate between the blood
and tissues such as the skin via the lymphatics and lymph
nodes (LNs) in steady-state conditions. This continuous
recirculation is required for immune surveillance.11 Lym-
phocytes can enter LNs by two routes, first from the cir-
culation through high endothelial venules and second,
they can migrate from the tissues through afferent lym-
phatic vessels. Lymphocytes can then egress from the LNs
through the efferent lymphatic vessel and return to the
circulation via the thoracic duct.12 In contrast to the re-
circulatory nature of ab T cells, very little is known about
Abbreviations: AL, afferent lymph; APHA, Animal and Plant Health Agency; EL, efferent lymph; LN, lymph node; NK, natural
Killer; PB, peripheral blood; S1P1, sphingosine-phosphate-receptor 1; S1P5, sphingosine-phosphate-receptor 5
ª 2017 The Authors. Immunology Published by John Wiley & Sons Ltd., Immunology 1
This is an open access article under the terms of the Creative Commons Attribution License,
which permits use, distribution and reproduction in any medium, provided the original work is properly cited.
IMMUNOLOGY OR IG INAL ART ICLE
NK cell recirculation.13 It has been demonstrated in mice
that NK cells migrate from the circulation to LNs via
high endothelial venules.14,15 NK cells are present in
human afferent lymphatic vessels16–18 and one study has
shown that NK cells are found in human efferent lymph
(EL).19
In cattle, NK cells are defined by their constitutive
expression of the natural cytotoxicity receptor, NKp46
(CD335)20 and, similar to human21 and murine22 NK
cells, bovine NK cells exist as distinct subsets with bovine
NKp46+ NK cells being subdivided into two subsets based
on their differential expression of CD2.20 CD2+ NK cells
are the principal subset of NK cells found in bovine
peripheral blood (PB) whereas CD2low or CD2negative
(referred to as CD2 herein) NK cells are the main subset
present in the LNs. It was demonstrated recently that
bovine NK cells are present in the skin-draining afferent
lymphatic vessels of cattle in steady-state conditions. In
that study, the frequency, phenotype and function of NK
cells from PB and afferent lymph (AL) of different indi-
vidual calves were compared.23 Data presented herein
aimed to extend these findings by analysing the frequency
and phenotype of NK cells and NK cell subsets in parallel
from the PB, AL and LNs of the same animal(s), by using
the bovine pseudo-afferent lymphatic cannulation
model.24 This technique is well established in cattle,
sheep, pigs and rats24–27 and is an excellent model to
study innate immune responses during vaccination or
infection. In addition, we further extend these data to
efferent lymph and skin.
Materials and methods
Experimental animals
Experiments were performed using male British Holstein-
Friesian (Bos taurus) calves. Pseudo-afferent lymphatic
cannulation was performed on calves housed at the
University of Edinburgh’s farm according to Home Office
guidelines and with approval from The Roslin Institute
Local Ethics Committee. Cannulation of efferent lym-
phatic vessels was performed on calves that were housed
at Animal and Plant Health Agency (APHA) with
approval from APHA Animal Use Ethics Committee. All
calves were cannulated at between 3 and 6 months of age.
Pseudo-afferent lymphatic cannulation
Surgical cannulation of skin-draining afferent lymphatic
vessels was performed in seven calves at 3–6 months old,
according to a protocol described in detail elsewhere.24
Briefly, prescapular LNs were excised under general
anaesthesia and the calves were allowed to recover. LNs
were collected into ice-cold PBS, processed to release cells
and mononuclear cells were obtained by density gradient
centrifugation using Histopaque 1083 (Sigma Aldrich,
Dorset, UK). After 8 weeks, following re-anastomosis of
the small afferent lymphatic vessels to the larger efferent
lymphatic vessel, a sterile cannula was inserted into the
‘pseudo-afferent’ lymphatic vessel. Lymph was collected
into a tissue-culture flask, secured to the side of the calf’s
head using a head-collar and containing 3 g of sodium
benzylpenicillin (Schering-Plough, Kenilworth, NJ) dis-
solved in 5000 i.u/ml heparin (GP Pharmaceuticals, Bar-
celona, Spain). Flasks were changed twice daily, or as
required, for up to 28 days post-cannulation. Whole
lymph was centrifuged to pellet the cells. Samples of PB
were taken during the cannulation period by jugular
venepuncture using 10-ml vacutainers containing sodium
heparin (10 U/ml), and peripheral blood mononuclear
cells were subsequently separated by density gradient cen-
trifugation using Histopaque 1083 (Sigma Aldrich).
Efferent lymphatic cannulation
Efferent lymphatic vessels of five male British Holstein-
Friesian (B. taurus) calves aged 3–6 months old were sur-
gically cannulated at APHA using a method described
previously.28 Samples of PB were taken during the cannu-
lation period by jugular venepuncture into 10-ml vacu-
tainers containing sodium heparin (10 U/ml).
Isolation of mononuclear cells from the skin
Small sections of shaved skin were digested in RPMI-1640
medium containing dispase I (Roche, Burgess Hill, UK;
20 lg/ml) and collagenase (Sigma Aldrich; 75 U/ml) for
90 min at 37° in a shaking incubator. The digest was then
homogenized and filtered through a 40-lm cell strainer
to obtain mononuclear cells.
Multi-colour immunofluoresence staining
NK cells were identified by labelling cells with mouse
anti-bovine CD3 (MM1A, IgG1, VMRD, WA) indirectly
conjugated to goat anti-mouse IgG1-AF647 (Life Tech-
nologies, Warrington, UK), phycoerythrin-conjugated
mouse anti-bovine CD335 (AKS1, IgG1; Bio-Rad AbD
Serotec, Kidlington, UK) or mouse anti-bovine CD335
(AKS6, IgG2b; a gift from Professor A.K. Storset) indi-
rectly conjugated to goat anti-mouse IgG2b-FITC (South-
ern Biotech, Birmingham, AL). Subsets of NK cells were
differentiated by labelling with mouse anti-bovine CD2-
FITC (CC42, IgG1; Bio-Rad AbD Serotec) or mouse anti-
bovine CD2 (IL-A42; The Pirbright Institute, Woking,
UK) and goat anti-mouse IgG2a-AF647 (Life Technolo-
gies). Expression of CD25 was assessed by labelling NK
cells with mouse anti-bovine CD25 (CACT108A, IgG2a;
VMRD, Pullman, WA) and goat anti-mouse IgG2a-AF647
(Life Technologies). Expression of CD62L was assessed by
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labelling NK cells with CD62L-FITC (CC32, IgG1; Bio-
Rad AbD Serotec). Flow cytometry was performed on a
BD LSR Fortessa with FACS DIVA software (BD Biosciences,
Oxford, UK). Gates were established by using Fluores-
cence Minus One controls and data were analysed using
FLOWJO v10 software (Treestar Inc., Ashland, OR ).
Data analysis
Data analysis was performed using MICROSOFT EXCEL 2010
and GRAPHPAD PRISM 6 (GraphPad, San Diego, CA). Statis-
tical analysis was completed using MINITAB v16 (Minitab
Ltd, Coventry, UK). Distribution of data was assessed
using a normality test with P > 005 deemed to be nor-
mally distributed data. Statistical methods used are
detailed in individual figure legends.
Results
CD2− NK cells are the predominant subset of NK
cells present within skin-draining AL
First, to determine if NK cells were present in skin-
draining afferent lymphatic vessels and to compare their
frequency to those present in PB and LNs, the abundance
of NKp46+ CD3 NK cells within PB, AL and LNs of
seven calves was investigated. The gating strategy used to
identify lymphocytes throughout this study is illustrated
in the Supplementary material (Fig. S1). NKp46+ CD3
NK cells represented 51% (205–103%; SD = 31), 48%
(139–768%; SD = 19) and 6% (303–117%; SD = 29)
of lymphocytes in PB, AL and the LNs, respectively (rep-
resentative dot plots are shown in Fig. 1a). No significant
differences were evident between the percentages of NK
cells present across the three compartments (Fig. 1c).
CD2+ NK cells were the predominant subset in PB, but
CD2 NK cells were the principal NK cell subset found
in the skin-draining afferent lymphatic vessels and LNs
(representative dot plots are shown in Fig. 1b). Further-
more, CD2 NK cells were present in AL (P < 0001)
and LNs (P < 0001) at a significantly higher proportion
compared with PB (Fig. 1d).
CD2− NK cells are primed in AL and LNs
The activation status of NK cells derived from PB, AL
and the LNs was analysed by determining the expression
of the surrogate activation marker CD25 (representative
dot plots are shown in Fig. 2a). In contrast to PB, where
263% (133–462%; SD = 109) of NK cells were CD25+,
the percentage of CD25+ NK cells was significantly
increased in AL (P < 0001) and LNs (P < 0001), with
858% (661–952%; SD = 122) and 814% (748–879%;
SD = 51) of AL-derived and LN-derived NK cells
expressing CD25 respectively (Fig. 2b). To define the
subset of NK cells responsible for the increased activation
of NK cells in AL and LNs, the percentage of CD2+ and
CD2 NK cells within the CD25+ population from PB,
AL and LNs was assessed. CD25 was equally expressed by
PB derived CD2+ and CD2 NK cells; however, the per-
centage of CD2 CD25+ NK cells increased significantly
in AL (P < 0001) and the LNs (P = 0005; Fig. 2c).
CD62L expression by AL derived CD2− NK cells may
permit homing to LNs
To assess the migratory potential of NK cells from differ-
ent compartments, the expression of the LN homing
molecules CD62L (L-selectin; representative dot plots are
shown in Fig. 3a) and CCR7 by PB-, AL- and LN-derived
NK cells was assessed. No significant differences between
the percentages of CD62L+ NK cells present across PB,
AL and LNs were observed (Fig. 3b). However, the per-
centage of CD2 NK cells expressing CD62L was signifi-
cantly increased in AL (P = 0004) and LNs (P = 0024),
compared with PB (Fig. 3c). CCR7 expression was not
detected on PB- and LN-derived NK cells and the expres-
sion was highly variable on AL-derived NK cells (data not
shown).
CD2+ NK cells are the predominant subset of NK cells
present in bovine skin
Data presented so far provide evidence that bovine NK
cells are present within skin-draining afferent lymphatic
vessels in steady-state conditions. However, it is not
known if NK cells are resident in the skin of cattle in
steady-state conditions and if their presence in the skin-
draining afferent lymphatic vessels reflects migration from
the skin or recruitment from elsewhere. Therefore, pieces
of skin were enzymatically digested and assessed for the
presence of NK cells. NKp46+ NK cells were present in
the skin of three calves and accounted for a mean of
29% (15–42%; SD = 11) of the lymphocytes present in
the skin. CD2+ NK cells were the main subset of NK cells
present in the skin and accounted for 839% (773–
962%; SD = 88) of NK cells present (Fig. 4).
NK cells are present in bovine efferent lymph and
CD2− NK cells are the principal subset present
To address whether bovine NK cells were present in effer-
ent lymph and therefore able to egress from the LNs via
the efferent lymphatic vessel in steady-state conditions,
we assessed NK cells in efferent lymph samples of five
separate calves and compared these with matched samples
of PB. Initially, we determined whether the cellular com-
position of the PB from the efferent lymphatic cannulated
calves was similar to the composition of the PB from the
afferent lymphatic cannulated calves (as illustrated in
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Figs 1–3). Hence, the frequency and phenotype of NK
cells derived from matched PB and EL from three
calves was investigated (see Supplementary material,
Fig. S2a–d). After confirming the samples of PB from the
efferent lymphatic cannulated calves (Fig. S2a–d) were of
a similar cellular composition to the PB from the afferent
lymphatic cannulated calves (Figs 1–3), the frequency and
phenotype of EL-derived NK cells were directly compared
with NK cells from PB, AL and LNs. NK cells represented
1% (048–158%; SD = 04) of lymphocytes within EL,
and NK cell frequency was significantly lower in EL com-
pared with PB (P = 0020), AL (P = 0003) and LNs
(P = 0006; Fig. 5a). Similar to NK cells present in AL
and LNs, 717% (668–766%; SD = 34) of EL-derived
NK cells were CD2 and CD2 NK cells were present at
a significantly higher percentage in EL compared with PB
(P < 0001; Fig. 5b).
CD2 NK cells are primed in efferent lymph
The expression of CD25 by EL-derived NK cells was com-
pared with NK cells from PB, AL and LNs. Of the NK
cells from EL, 712% (668–766%; SD = 34) were
CD25+ and, similar to those present in AL and LNs, the
percentage of CD25+ NK cells was significantly increased
in EL (P < 0001) compared with PB (Fig. 6a). Further-
more, when assessing the subset of NK cells responsible
for this enhanced activation of NK cells in the EL, 633%
(451–773%; SD = 125) of CD25+ NK cells were CD2;
however, this was not significantly (P = 0069) different
to the percentage of CD2 CD25+ NK cells present in
PB, AL or LNs (Fig. 6b).
Discussion
The experiments described in this manuscript aimed to
identify and characterize NK cell phenotypic subsets across
different compartments in cattle. It was demonstrated
recently that bovine NK cells are present within the affer-
ent lymphatic vessels draining the skin of cattle in the
steady-state, suggesting that they can traffic from tissues
into LNs via the lymphatics.23 We extended these findings
by comparing NK cells from PB, AL and LNs in the same
animal, using a total of seven calves. Furthermore, we
determined whether NK cells could egress from the LNs
via the efferent lymphatic vessel to return to circulation.
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Figure 1. CD2 natural killer (NK) cells are
the predominant subset of NK cells present
within skin-draining afferent lymph (AL).
Lymphocytes derived from peripheral blood
(PB), AL and the lymph nodes (LNs) of seven
calves were labelled with monoclonal antibod-
ies to NKp46, CD3 and CD2 and analysed by
flow cytometry. FACS plots from one represen-
tative animal illustrate the expression of
NKp46 and CD3 by PB-, AL- and LN-derived
lymphocytes (a). FACS plots from one repre-
sentative animal illustrate the expression of
NKp46 and CD2 by PB-, AL- and LN-derived
lymphocytes (b). Gates were set based on Fluo-
rescence Minus One controls. Pooled data
from seven calves indicate the average percent-
age of NKp46+ CD3 NK cells  SD present
in PB (circles), AL (squares) and LNs (trian-
gles) (c). Pooled data from seven calves illus-
trate the average percentage of CD2+ (lighter
bars) and CD2 (darker bars) NK cells  SD
within the total gated NKp46+ NK cell popula-
tion from PB, AL or the LNs (d). Data were
normally distributed (P > 005). Significance
between PB and AL was assessed using a
paired t-test and significance between PB and
LN was assessed using a two-sample t-test.
P < 0001***. [Colour figure can be viewed at
wileyonlinelibrary.com]
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NKp46+ CD3 NK cells were present in AL draining
the skin of calves in the steady-state in a similar propor-
tion to that found in PB (Fig. 1c), illustrating that bovine
NK cells can traffic from tissues such as the skin to the
draining LNs via afferent lymphatic vessels. In accordance
with these findings, NK cells have been reported to be
more abundant in PB than AL in a study involving non-
matched samples of PB and AL.23 Furthermore in
humans, NK cells were found to be present at signifi-
cantly lower levels in the AL compared with PB,16,17 and
recently NK cells were shown to be present in an accu-
mulation of AL representing > 2% of lymphocytes.18 In
the present study, bovine LNs contained the highest per-
centage of NK cells (6%; 303–117%; SD = 29) across
the three compartments examined (Fig. 1c). This abun-
dance of NK cells within bovine LNs is in accordance
with published findings8 and is also similar to the
increased number of NK cells present in human LNs in
steady-state conditions.29 This is in contrast to mouse
LNs, where NK cells account for only approximately
05% of lymphocytes present.6
It has been shown in bovine PB that the majority of
NK cells are CD2+, whereas CD2 NK cells are the pre-
dominant subset found within LNs.8 Data presented in
this study (Fig. 1d) support these findings whereby the
percentage of CD2 NK cells present within the PB was
low, but was significantly increased in AL and LNs, sug-
gesting preferential recruitment of the CD2 subset of
NK cells from the tissues to the draining LNs in steady-
state conditions. In studies of human afferent lymph,
CD56bright NK cells, which are equivalent to bovine
CD2 NK cells,30 were the main subset of NK cells
present.18
Both AL and LNs draining the skin of cattle in steady-
state conditions contained highly activated NK cells, as
defined by cell-surface expression of CD25, compared
with those found in PB (Fig. 2b). CD2 NK cells were
more activated in AL and LNs than CD2+ NK cells
(Fig. 2c). In accordance with this finding, bovine CD2
NK cells have been shown to be preferentially activated
when stimulated with interleukin-2.31 Furthermore, the
expression of a second activation marker, CD44, was
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Figure 2. CD2 natural killer (NK) cells are
primed in afferent lymph (AL) and lymph
nodes (LNs). Lymphocytes from PB, AL and
LNs of seven calves were labelled with mono-
clonal antibodies for NKp46, CD2 and CD25
and analysed by flow cytometry. FACS plots
from one representative animal illustrate the
expression of NKp46 and CD25 by PB-, AL-
and LN-derived lymphocytes (a). Gates were
set based on Fluorescence Minus One controls.
Pooled data from seven calves illustrate the
average percentage of CD25+ NK cells  SD
within the total gated NKp46+ NK cell popula-
tion from PB (circles), AL (squares) or LNs (tri-
angles) (b). Pooled data from seven calves
illustrate the average percentage of CD2+
(lighter bars) and CD2 (darker bars) NK
cells  SD within the total gated
NKp46+ CD25+ population from PB, AL or LNs
(c). Data were normally distributed (P > 005).
Significance between PB and AL was assessed
using a paired t-test and significance between
PB and LN was assessed using a two-sample
t-test. P < 001**, P < 0001***. [Colour figure
can be viewed at wileyonlinelibrary.com]
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found to be significantly increased in AL NK cells, which
highlights an overall activated phenotype within AL.23
This resembles the activated CD4+ and CD8+ T cells,
expressing CD25, CD69 and MHC class II, found in the
AL of humans in steady-state conditions.16 Taken
together, these findings indicate that events occurring as a
result of egress from the skin, result in the arrival of tis-
sue-activated NK cells in the AL and LNs.
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Figure 3. CD62L expression by afferent-lymph
(AL) -derived CD2 natural killer (NK) cells
may permit homing to lymph nodes (LNs).
Lymphocytes from peripheral blood (PB), AL
and LNs from seven calves were labelled with
monoclonal antibodies for NKp46, CD2 and
CD62L and analysed by flow cytometry. FACS
plots from one representative animal illustrate
the expression of NKp46 and CD62L by PB-,
AL- and LN-derived lymphocytes (a). Gates
were set based on Fluorescence Minus One con-
trols. Pooled data from seven calves indicate the
average percentage of NKp46+ CD62L+ NK
cells  SD present across the three compart-
ments (b). Pooled data from seven calves illus-
trates the average percentage of CD2+ (lighter
bars) and CD2 (darker bars) NK cells  SD
within the total gated NKp46+ CD62L+ popula-
tion from PB, AL or LNs (c). Significance
between PB and AL was assessed using a paired
t-test and significance between PB and LN was
assessed using a two-sample t-test. P < 005*,
P < 001**. [Colour figure can be viewed at
wileyonlinelibrary.com]
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The migratory potential of NK cells derived from PB,
AL and LNs was characterized by assessing CD62L and
CCR7 expression. Through interactions with high
endothelial venules, NK cell expression of CD62L allows
homing to LNs.32 Whereas there were no significant dif-
ferences in the percentage of CD62L+ NK cells across the
three compartments (Fig. 3b), differences in the percent-
age of CD2+ and CD2 NK cells expressing CD62L were
evident, with an increased percentage of CD2 CD62L+
NK cells in the AL and LNs, compared with PB (Fig. 3c).
This elevated expression of CD62L by CD2 NK cells in
the AL and LNs correlates with the prevalence of CD2
NK cells within these two compartments. Bovine NK cells
transcribe the LN homing chemokine receptor CCR7,30
but surface CCR7 expression could not be consistently
detected by PB- or LN-derived NK cells (data not
shown). Using an anti-human CCR7 antibody cross-reac-
tive to bovine cells, the expression of CCR7 by AL NK
cells was very variable across the seven calves examined
(data not shown) and expression was not detected by AL
NK cells in previously published work.23 In humans,
CCR7 is expressed by CD56bright NK cells but is absent
from CD56dim NK cells, which coincides with the domi-
nance of the CD56bright subset of NK cells in AL and
LNs.33 Bovine cd T cells traffic to LNs in a CCR7 inde-
pendent manner28 and therefore bovine NK cells may also
move to the LNs in a similar CCR7-independent manner.
Further investigation is required to decipher key mole-
cules used to permit NK cell migration in cattle.
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Figure 5. Natural killer (NK) cells are present in bovine efferent
lymph and CD2 NK cells are the principal subset present. Lympho-
cytes derived from peripheral blood (PB), afferent lymph (AL),
lymph nodes (LNs) and efferent lymph (EL) were labelled with mon-
oclonal antibodies for NKp46, CD3 and CD2 and analysed by flow
cytometry. Pooled data from seven calves for PB, AL and LNs and
five calves for EL, show the average percentage of NKp46+ CD3
NK cells  SD present within PB (circles), AL (squares), LNs (trian-
gles) and EL (diamonds) (a). Pooled data from seven (PB, AL and
LNs) and five (EL) calves illustrate the average percentage of
NKp46+ CD2+ (lighter bars) and NKp46+ CD2 (darker bars) NK
cells  SD within the total gated NKp46+ NK cell population from
PB, AL, LNs and five calves for EL (b). Data were normally dis-
tributed (P > 005) and significance between PB and EL was assessed
using a two-sample t-test. P < 001**, P < 0001***.
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Figure 6. CD2 natural killer (NK) cells are primed in efferent lymph.
Lymphocytes derived from peripheral blood (PB), afferent lymph
(AL), lymph nodes (LNs) and efferent lymph (EL) were labelled with
monoclonal antibodies to NKp46, CD2 and CD25 and analysed by
flow cytometry. Pooled data from seven calves for PB, AL and LNs,
and five calves for EL, illustrate the average percentage of CD25+ NK
cells  SD within the total NKp46+ population from PB (circles), AL
(squares), LNs (triangles) and EL (diamonds) (a). Pooled data from
seven (PB, AL and LNs) and five (EL) calves shows the average per-
centage of NKp46+ CD2+ (lighter bars) and NKp46+ CD2 (darker
bars) NK cells  SD within the total gated NKp46+ CD25+ NK cell
population from PB, AL, LN and EL (b). Data were normally dis-
tributed (P > 005) and significance between PB and EL was assessed
using a two-sample t-test. P < 005*, P < 001**, P < 0001***.
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Natural killer cells were found to be resident within
bovine skin and the majority were CD2+ (Fig. 4). In
comparison to CD2 NK cells, which transcribe lymphoid
homing chemokine receptors, CD2+ NK cells are more
likely to be non-migratory due to the absence of these
receptors and this may explain their abundance in the
skin.30 The skin samples analysed in this study were not
from the calves used for pseudo-afferent lymphatic can-
nulation, and therefore further studies sampling skin
from afferent lymphatic cannulated calves would be
required to allow direct comparison of skin, PB-, AL-
and LN-derived NK cells in the same animal. Neverthe-
less, this preliminary experiment provides novel evidence
that NK cells are found in the skin of calves and therefore
suggests that NK cells can migrate from the skin, through
afferent lymphatic vessels and into the LNs. In humans,
CD56bright CD16 NK cells are present in the dermis of
healthy skin and were also found in skin from patients
with atopic eczema/dermatitis, where they were in close
contact with CD1a+ dendritic cells.34,35
After establishing that NK cells can enter draining LNs
via afferent lymphatic vessels in steady-state conditions,
samples of EL were analysed for the presence or absence
of NK cells to determine if they re-circulate. NK cells were
present in EL, albeit at lower levels than those found in
PB, AL and LNs, providing evidence that a proportion of
NK cells can exit the LNs through the efferent lymphatic
vessel and re-circulate in steady-state conditions (Fig. 5a).
Similar to NK cells in AL and LNs, EL-derived NK cells
were predominantly CD2 (Fig. 5b), indicating that this
may be the preferred subset to egress from the nodes and
return to the circulation. To date, one study has shown
that NK cells are present within human EL, and that these
are predominantly of the CD56bright subset;19 however,
the presence of NK cells in the EL of other species has
not been defined. Hence, it appears that in cattle and in
humans, CD2 NK cells and CD56bright NK cells, which
are the principal subsets of NK cells within the LNs, are
also the main subsets egressing from the LNs to return to
circulation. In conjunction with AL- and LN-derived NK
cells, NK cells within EL were activated (Fig. 6a), which
was attributed to the CD2 subset of NK cells (Fig. 6b).
Similarly, human EL-derived NK cells display an activated
phenotype reflected by their increased expression of CD16
and killer cell immunoglobulin-like receptor in compar-
ison with NK cells in the LNs.19 Therefore, it is conceiv-
able that tissue-activated CD2 CD25+ NK cells arriving
in the LNs also egress from the LNs through the efferent
lymphatic vessel and circulate in a primed state in steady-
state conditions. T and B cells use sphingosine-phos-
phate-receptor 1 (S1P1) to egress from peripheral lym-
phoid organs;36,37 however, down-regulation of S1P1
through administration of FTY720, did not deplete NK
cells from the circulation of mice or humans.38,39 Conse-
quently, it was demonstrated that NK cells express
sphingosine-phosphate-receptor 5 (S1P5), which permits
NK cell exit from the bone marrow and LNs in mice.40,41
It would be valuable to assess the expression of S1P recep-
tors by bovine NK cells to understand the molecules
required to exit peripheral lymphoid organs.
In summary, this study has demonstrated that bovine
NK cells are present in the skin of cattle in steady-state
conditions and that the CD2 subset of NK cells are pref-
erentially recruited, through their expression of CD62L,
into draining LNs through afferent lymphatic vessels in a
primed state (as defined by the expression of CD25).
Similarly, NK cells within bovine LNs are predominantly
CD2 NK cells with a high expression of CD25. Further-
more, the presence of CD2 CD25+ NK cells within EL
provides novel evidence that a proportion of NK cells do
not terminally reside in the LNs and can egress from the
nodes to return to circulation where they are predomi-
nantly CD2+ CD25lo. The presence of NK cells within EL
is a novel finding in the bovine system with NK cells hav-
ing only been identified in human EL to date. Therefore
we propose that CD2 NK cells may represent a recircu-
lating population of lymphocytes in cattle and so may
play a role in immune surveillance. Furthermore, previ-
ous studies in our laboratory have shown that the CD2
subset of bovine NK cells are preferentially activated
following in vitro co-culture with Bacillus Calmette–
Guerin-infected dendritic cells42 and Mycobacterium
bovis-infected dendritic cells.30 Therefore, CD2 NK cells
may migrate from sites of vaccination or infection to
draining lymph nodes where they could interact with
populations of antigen-presenting cells and egress via the
efferent lymphatic vessel. Given that they migrate from
sites of potential pathogen entry or vaccine administra-
tion, the circulation of NK cells through AL to LN (and
subsequent egress) could also be important in early
immune response induction. Detailed examination of NK
cell recirculation in the context of vaccination would
determine if NK cells could be used as markers of suc-
cessful vaccination strategies.
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